Introduction
Black carbon consists of partially burned plant material, formed in natural fires, and it is often described as a continuum ranging from slightly charred plant material to charcoal, sod and graphite (Seiler & Crutzen, 1980) . Black carbon has been shown to be resistant to microbial degradation and, therefore, has a long residence time in soil and in the environment (Schmidt & Noack, 2000) . This means that a significant fraction of the organic matter in many soils are black carbon, some soils containing up to 35% black carbon (Schmidt & Noack, 2000; Skjemstad et al., 2002) and, as such, black carbon is an important sink for carbon (Kuhlbusch, 1998) . Black carbon also appears to have a range of positive effects on soil properties, such as a high-cation exchange capacity, pH and water holding capacity (Glaser et al., 2002) . "Terra preta de índio" -anthropogenic dark earthare dark soils found in patches in many locations in South America (Glaser & Birk, 2012) . These soils exhibit high-nutrient contents and are much more fertile than the adjacent soils. The occurrence of potsherds indicates that the soils are anthropogenic and probably formed by pre-Columbian Indians, from 500 to 2,500 BP, by addition of fishbone, organic matter and charcoal. The high-quality properties of these soils has to a large extend been ascribed to the addition of charcoal.
Because of the long residence time in soil and the positive effects on soil properties, addition of black carbon or biochar, as it is called in this connection, has been suggested as a way to improve soil quality and sequester carbon from the atmosphere (Lehmann et al., 2006) . In order to be an effective way to sequester carbon in soil, a significant fraction of biochar should resist degradation for millennia. Incubation experiments have indicated that only a small frame -usually less than 5% -is degraded within the time fraction of laboratory incubations, depending both on the material from which it has been produced and the processing conditions (Bruun et al., 2008a; Kuzyakov et al., 2009; Zimmerman, 2010) . However, long term stabilization is difficult to assess from incubation studies. used a chronosequence of soils, which had been burned and converted into agricultural land for different time periods, up to 100 years, and found that about 30% of the black carbon was degraded within the first 30 years, after which no detectable changes existed. Hammes et al. (2008) compared an archived soil profile with a modern soil profile to show that approximately 25% of the black carbon disappeared within 100 years. Higher degradation was observed by Bird et al. (1999) , who estimated a loss of 47% within 50 years, based on the content of black carbon in plots protected or unprotected against fire. There is, however, considerable evidence that a significant fraction of the remaining biochar is stable for millennia. Middelburg et al. (1999) estimated that 36% black carbon resisted mineralization in oxidic sediments, based on reduced amounts of black carbon in the oxidized zone of downward-progressing oxidation fronts. However, the most compelling evidence that a significant fraction of black carbon resists oxidation in soil for millennia comes from the presence of black carbon particles with radiocarbon ages of more than 10,000 years, even in tropical soils with good conditions for decomposition (Carcaillet, 1998; Titiz & Sanford Junior, 2007) . Finally, mass balances based on stocks and production of black carbon show that it must be considerably more stable than other forms of organic matter Nevertheless, an experiment from Sweden has recently indicated that biochar increases the degradation of plant litter (Wardle et al., 2008) . If this is the case, CO 2 released from the litter, as a consequence of the biochar addition, may offset the carbon sequestered in the biochar. However, a range of methodological problems are associated with this experiment (Lehmann & Sohi, 2008) . Furthermore, the experiments conducted by Wardle et al. (2008) do not provide any information of the biochar influence on the degradation of SOM associated with the mineral soil.
Experiments using 14 C-labelled have only been used in a few incubation studies of biochar mineralization (Bruun et al., 2008a; Kuzyakov et al., 2009) . This technique provide a much improved sensitivity compared with others based on total CO 2 evolution or with methods to measure black carbon in soil. Experiments measuring total CO 2 evolution from unlabelled biochar in soil are hampered by a large background of CO 2 evolution, which has to be subtracted or avoided (Hilscher et al., 2009; Spokas et al., 2009; Zimmerman, 2010) .
The objective of this work was to evaluate whether addition of biochar affects the degradation of litter and SOM using 14 C-labelling techniques.
Materials and Methods
In 1964, uniformly 14 C-labelled (3.5 MBq g -1 C) barley straw was mixed with soil (3.5 mg of carbon per g of soil), placed in a 20 cm layer in two large plastic cylinders (34 cm diameter), and incubated in the open (Sørensen, 1987) . In 2004, nine soil cores were sampled at different places in the uppermost 10 cm of the soil and bulked. This bulked sample was taken in order to evaluate the effect of biochar application in the labelled SOM (description follows later). At the same time, another nine soil cores of the same soil, but without the previous incubation of labelled litter, were sampled and bulked. This bulked sample was taken in order to evaluate the effect of biochar application on freshly incubated barley straw (description ahead). All samples were air-dried and stored until the beginning of the experiment. The soil texture was sandy, and it was classified as a Luvisol. Soil characteristics are shown in Table 1 . Uniformly 14 C-labelled barley straw, of the same kind used to label SOM, had been saved from the original experiment, while unlabelled barley straw was obtained from a nearby farm. Uniformly 14 C-labelled biochar was produced from 14 C-labelled barley straw, while unlabelled biochar was produced from unlabelled barley straw. The biochar were produced by separately weighing approximately 0.6 g of labelled straw and 5 g of unlabelled straw, wrapping them thoroughly in several layers of aluminium foil to prevent oxygen exposure, and leaving them in a muffle furnace. The temperature of the oven was adjusted to 400±5°C using a thermometer with a thermocouple to check temperature where the biochar production occurred. Characteristics of the straw and produced biochar are given in Table 2 .
The incubations were performed in airtight glass tubes equipped with a scintillation counter vial with 2 mL of 1 mol L -1 NaOH. The tubes were kept in a temperature cabinet at 25±0.5°C. The water content of the soil was adjusted to 15% water. After 2, 4, 7, 11, 18, 25, 32, 46, 60, 127, 162, 205, 316 and 451 days, the vials were sampled and replaced, and the NaOH in the sampled vials were mixed with 8 mL scintillation liquid (Ultima Gold, PerkinElmer, Waltham, MA, USA) and counted for 10 min on a scintillation counter (Winspectral 1414 LSC Liquid Scintillation Counter, Wallac, Turku, Finland). The water content was kept constant during the experiment by regularly weighing the tubes and adding the amount of water necessary to keep the weight at the same value.
Two different incubation experiments were performed. The treatments applied in experiment 1 are shown in Table 3 . In this experiment, unlabelled soil was used for incubation of labelled straw, with (U3) or without unlabelled biochar (U2), and of labelled biochar, with (U5) or without unlabelled straw (U4). This was done in order to investigate the effect of biochar on the mineralization of barley straw and vice versa. All treatments were carried out in triplicate.
The treatments applied in incubation experiment 2 are shown in Table 4 . In this experiment, the soil which had been labelled by incorporating 14 C-labelled barley straw 40 years ago was incubated with different levels of biochar additions, one level of straw addition and a control without any amendment. All treatments were carried out in triplicate. 
Incubated with a single application of 14 C-labelled barley straw 40 years ago kept bare in the first 20 years, and with weeds in the following 20 years. Values regarding soil texture and pH are according to Christensen & Sørensen (1985) and Bruun et al. (2008b) . Table 3 . Treatments applied in incubation experiment 1, with 20 g of unlabelled soil and different amounts of labelled and unlabelled barley straw and biochar.
Treatment Labelled biochar
Labelled straw
Unlabelled biochar
Unlabelled straw (1) 0.032 is the amount of biochar produced from 0.08 g labelled straw.
(2) 0.031 is the amount of biochar produced from 0.08 g unlabelled straw. The data from the experiments were analyzed using the statistical software package R (R Development Core Team, 2010). In experiment 1, the effect of biochar on CO 2 evolution from straw was analyzed in a repeated measurement analysis using a mixed-effect model of the mineralization rate of 14 C-labelled straw, modelled as a function of biochar addition (either no addition or biochar addition), and using incubation time as fixed variables, and the incubation tube as a random variable. A mixed model is necessary because measurements are done repeatedly on the same samples. If, for example, one tube was leaking CO 2 , there would be a "tube effect", which would make the measurements of this sample constituently smaller than the other replicates. We could choose to treat the tube effect as a fixed variable, but then we would only model the specific effect of the particular tube. In fact, we are interested in a whole population of tubes. Therefore, it is better to treat the tube as a random variable. In order to ensure stable residuals of the model, incubation time was modelled as a discrete variable, and the mineralization rates were transformed using the natural logarithm. The effect of straw addition on the mineralization of 14 C-labelled biochar was tested by a similar model.
The incubation experiment 2, the effect of biochar on the decomposition of SOM was also tested in a repeated measurement analysis employing a mixed-effect model, where the rate of 14 C-SOM mineralization was modelled as a function of biochar addition and time as fixed variable, and incubation tube as a random variable. In order to ensure stable residuals for the model, incubation time was modelled as a discrete variable, and the mineralization rates were transformed using the natural logarithm.
Results and Discussion
As expected, the straw mineralized much faster than the biochar. During the 451 days of experiment 1, 45 to 47% of the carbon contained in the straw was mineralized (Figure 1 A) , while only 1.8 to 1.9% of the carbon contained in the biochar was mineralized (Figure 1 B) . In comparison with litter and biochar, SOM from the soil labelled 40 years ago mineralized at intermediate rates. After 451 days of incubation, 6.6% of the SOM was mineralized in the treatment without any addition of straw or biochar (Figure 2 ). This means that 40-year-old SOM mineralizes much faster than biochar. There is no doubt that the mineralization of the 40-year-old SOM has been enhanced by the disturbance inflicted on the soil during sampling, sieving, drying, and rewetting during the preparation of the experiment, as often observed in incubation experiments (Franzluebbers, 1999; Kristensen et al., 2003) . However, the low mineralization rates of freshly made biochar, compared to the 40-year-old SOM still underlines the biochar stability and its inherent ability to resist microbial degradation (Bruun et al., 2008a; Lehmann et al., 2009) .
Straw mineralization appears not to have been affected by the presence of biochar (Figure 1 A) . The repeated measurement analyses confirmed that there was no significant effect of biochar addition on the mineralization of 14 C-labelled straw (p = 0.55). This result contrasts with the ones by Wardle et al. (2008) , who observed increased decomposition of humus (i.e. degraded plant litter from the humus layer of the litter layers at the forest floor) in the presence of biochar. In their experiment, biochar, humus, or a mixture of biochar and degraded humus were incubated in litterbags at the forest floor, at three locations. It turned out that the material in the mixture disappeared faster than expected from the losses observed in the other litterbags. There are several potential reasons for the contrasting results between this experiment and ours. First of all, there is a difference in the duration of the experiments. The experiment by Wardle et al. (2008) lasted for 10 years, whereas the current experiment only lasted for 1.2 year. However, the increased loss of biomass in the mixture, in Wardle et al. (2008) , was almost exclusively observed during the first year. In addition, the incubation temperature of 25°C in the current study is considerable higher than the average ambient temperature in northern Sweden, where their experiment was conducted. The higher temperature should have promoted an increased mineralization rate, and the effect of biochar addition on litter mineralization should have occurred sooner. Therefore, the differences in the duration of the experiments are unlikely to be the reason for the different results between the two experiments.
One possible mechanism which might explain the discrepancies is water availability. In the current laboratory experiments, water content was adjusted in the beginning of the experiment; then, when biochar is added it may absorb water, thereby decreasing water availability for the microorganisms degrading the straw. In contrast, in Wardle et al. (2008) , the biochar in the litterbags could absorb water from rainfall, preventing it from leaching and thereby increasing water availability for the microorganisms degrading the straw. Finally, there is a whole range of possible artifacts associated with the use of litterbags, which include the loss of material from the bags, the lack of contact with the mineral soil, and changed environmental conditions in the bags.
The mineralization of biochar has slightly decreased by the addition of straw (Figure 1 B) . The repeated measurement analysis showed that this effect was in fact significant (p = 0.0044), although numerically small, being detectable only because of the high sensitivity of the 14 C-labelling method. There are several possible explanations for the decreasing decomposition of biochar with the addition of straw. Again, the addition of straw may decrease water availability and, thus, make the conditions for the microbial degradation less favorable. Another possible mechanism may be the reduced availability of nutrients, due to the immobilization of nutrients by the straw, which has low contents of them, especially of nitrogen (Luxhøi et al., 2006) . Reduced nitrogen availability has often been observed to decrease mineralization of other types of organic matter, presumably by creating suboptimal conditions for microbes (Allen & Schlesinger, 2004; Yoshitake et al., 2007) , although the effects of nitrogen on the decomposition process is still controversial (Craine et al., 2007) . On the other hand, priming effects, where addition of labile organic matter increases the mineralization of biochar, has been shown on several occasions (Kuzyakov et al., 2009) . From experiment 2, it appears that biochar has a negative effect on the mineralization rate of SOM, where mineralization decreased with increasing addition of biochar (Figure 2 A) . With addition of 0.031 g biochar to 20 g of soil (1.5 g kg -1 of biochar), there was a very small reduction in SOM mineralization. With addition of 1.55 g biochar to 20 g of soil (7.7 g kg -1 of biochar), the percentage of mineralized SOM, during the 451 days, was reduced from 6.6% in the control to 6.3%. Addition of 0.31 g biochar to 20 g of soil (15.5 g kg -1 of biochar) further reduced the percentage of mineralized SOM to 5.7%. The repeated measurement analysis of the data showed that there was a highly significant effect of biochar on the mineralization rates of 40-year-old SOM (p<0.0001), with greater reductions the more biochar was added. Spokas et al. (2009) also observed decreasing mineralization of SOM due to the addition of biochar, after the CO 2 evolution from the biochar had been subtracted.
The decreasing rates of SOM mineralization may be caused by a whole range of different factors, including aeration and nitrogen availability. Because of the slow mineralization rates, biochar is not likely to lead to much nitrogen immobilization and, although biochar is able to adsorb ammonia and nitrate (Mizuta et al., 2004) , this process is not likely to be able to compete for nitrogen with the microbes. As in the case with the straw, the reduction of the mineralization of SOM may be caused by changes in water availability after the addition of biochar. This is also the explanation offered by Spokas et al. (2009) for the negative effect of biochar on SOM mineralization. As the changes in water availability occurring after biochar addition in the laboratory are not necessarily similar to the changes which would occur under field conditions, it is difficult to know whether biochar would have the same effect on SOM mineralization under field conditions. However, based on the current experiments, there is no evidence that biochar would increase the mineralization of SOM.
The repeated measurement analysis showed that there was a significant effect of straw on the mineralization rates of 40-year-old SOM (p<0.0141). This effect was, however, very small and variable in time, with higher mineralization rates in the beginning and lower rates later in the incubation (Figure 2 A) . The initially higher rates of SOM mineralization could be interpreted as a priming effect on the mineralization of SOM due to the straw addition.
Conclusions
1. The mineralization of biochar in the soil occurs much more slowly than that of plant litter and of 40-year-old soil organic matter, confirming its very high inherent stability.
2. There is no evidence of priming effects of biochar, or any other positive effects of its addition, on the mineralization of straw or of soil organic matter, indicating that biochar does not decrease the stability of soil organic matter.
